We propose and demonstrate a spatial version of the cavity ring-down concept in which a photon flux decay is displayed along the spatial coordinate at the exit of a plane Fabry-Perot cavity. The photon decay signals are simulated based on a simple theoretical model combining ray optics and diffraction involved in the spatial ring-down generation, which are found to be in good accordance with the results of a proof-of-principle expermient.
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Many sensitive spectroscopic methods have been developed to measure the weak absorption of a sample, employing diverse working principles. 1 Among them is the cavity ringdown ͑CRD͒ technique 2 that is becoming a popular tool in the absolute absorption measurement for its high sensitivity and technical simplicity. The key element underlying the success of CRD is its unique detection scheme it takes to quantify the amount of absorption; the exponentially decaying optical signal at the exit of a sample-contained cavity, referred to as the ''ring-down signal,'' is produced right after a cavity excitation and then recorded in time to measure the corresponding decay constant. The time rate of the decay being proportional to the cavity loss in total could provide a sensitive measure on the additional loss of a sample when introduced to the cavity.
In this letter, an alternative optical arrangement is proposed to produce the ring-down signals; in contrast to the conventional CRD that associates with temporal ring-down signals, a Fabry-Perot etalon with the oblique incidence of a collimated cw laser beam, as depicted in Fig. 1 , permits us ring-down signals displayed along the spatial coordinate at the etalon output. Just as the CRD technique works with a stable cavity to have the transmitting wave components undergo the constant time delay and the intensity decrease at each cavity round trip, a Fabry-Perot etalon used in the spatial ring-down ͑SRD͒ functions so as to produce the lateral displacement and the intensity drop between consecutively outgoing multiple beams. This is the heart of SRD signal generation we desire in a crude sense. It is important to note that the continuous-wave SRD of a Fabry-Perot etalon itself possesses, on physical background, a fundamental difference against the spatial intensity features of CRD created previously by Scherer; 3 they were actually the consequence of postcavity streak recording process on the temporal signals derived from a usual time-based ring-down cavity.
Because of the strong conceptual analogy, many of the features in SRD could find the time domain counterparts from the conventional CRD, as listed in Table I . And the characteristics of the SRD, on this account, are easily deduced from the results of the pulsed CRD, [4] [5] [6] with fundamental system parameters such as the thickness of an etalon L, the mirror reflectivity R, the incidence angle of an input beam , and the angular frequency of incident light ϭck. A theoretical prediction for the ring-down distance s d ϭx r /2(1ϪR) can be made on the basis of a crude argument that the intensity of an outgoing beam component undergone n round trips will attenuate down to IϰI 0 R 2n ϳI 0 exp ͓Ϫ2n(1ϪR)͔ and thus follow the spatial dependence of exp͓Ϫ2(1ϪR)x/x r ͔ due to the lateral beam shift along ϩx direction by nx r .
Though the argument on the basis of geometrical optics appears to support the principle of SRD, we need to take a more practical and physical consideration accounting for the beam propagation and the interference of multiple beams in the context of wave optics. Hence, the validity of the SRD concept is confirmed in this letter through numerical simulations performed with a simple theoretical model and also by a proof-of-principle experiment. It should be mentioned that the Fabry-Perot configuration of this study is distinctive from the standard Fabry-Perot interferometer. We deal with the Fabry-Perot transmission in the near field with a collimated beam input having a well-defined oblique incidence while the standard setup incorporates a diverging light source to observe Haidinger fringes in the far field. Pursuing the essential of SRD, the theoretical investigation is made on a simplified situation that a one-dimensional input beam with its transverse profile along the x coordinate propagates in the ϩz direction toward an tilted etalon as Fig.  1 illustrates. With the etalon comprising two identical mirrors having reflectivity Rϭ͉R͉ 2 and transmittivity Tϭ͉T ͉ 2 , the resultant field at the exit mirror E out is expressible as the sum of all spatially overlapped laser fields exiting the etalon
where x r ϭ2L sin is the lateral shift of a beam occurring at every round trip, z r ϭ2L cos , the optical path length difference between the consecutive beams, n, the number of round trips experienced by the intracavity field, and E(x;z), the electric field of the excitation laser beam. The field E(x;z) is modeled as a monochromatic Gaussian beam that is set as a plane wave of a Gaussian intensity profile initially at zϭ0 and then undergoes distortion in both amplitude and phase along the lateral coordinate due to the diffraction as it propagates over the distance of z. To treat the diffraction of a propagating beam, the angular spectrum propagation method based on the first Rayleigh-Sommerfeld diffraction formula 7 is applied to numerically calculate the optical field E(x;z). Typical SRD signal profiles were numerically simulated as shown in Fig. 2 with parameters ; the etalon thickness L of 10 mm, the mirror reflectivity R of 99%, the input beam diameter d w of 1 mm in full width at half maximum ͑FWHM͒, and the incidence angle of 5 mrad. The important implication of the result is that the multiple beam interference and the diffraction in the etalon do not seriously alter the exponential decay feature of SRD as we could roughly expect from Eq. ͑1͒. Despite the diffractive distortion occurred for the individual outgoing beam components in intensity and phase profile, a smoothly decreasing SRD signal is obtained on condition that the input beam diameter is greater than x r . When the input beam is on cavity resonance ͓k (m) z r ϩ2 R ϭ2m with RϭͱR exp(i R ) and an integer m͔ or equivalently has no detuning ⍀ ͓⍀ϭϪ (m) with (m) ϭck (m) ͔, it has been verified by the numerical fit that the SRD signal exhibits a single exponential decay. As the input beam frequency detunes from the etalon resonance, the signal level of a decaying part decreases and the transient peak at the forefront of the signal manifests itself instead. However, the decay envelope following the transient peak is still an exponential decay. When the detuning goes beyond a certain threshold toward antiresonance, the transmitted signal contains only the transient peak without any decaying part.
Further numerical confirmation has indicated that the analytic prediction for ring-down distance s d 0 ϭL sin /(1 ϪR) is valid over the wide range of etalon thickness L, etalon per pass loss Lϭ1ϪRӶ1, incidence angle Ӷ1, and input beam parameters including shape, size, and divergence. On this background, changes in the ring-down distance of a SRD signal can be used to detect the additional loss L sample ϭ␣L introduced by a sample gas with absorption coefficient ␣ when filled between the etalon mirrors. Providing that all other parameters L, R, , and are known and maintained in time, the ring-down distance in the presence of the sample would become s d ϭL sin /͓(1ϪR)ϩ␣L͔, and thereby the sample loss L sample can be determined from ␣L ϭL sin (s d Ϫ1 Ϫs d 0
Ϫ1
). In the proof-of-principle experiment for SRD, a FabryPerot etalon was constructed on a Super-Invar interferometer ͑Burleigh, RC110͒ with two plane mirrors ͑Rϳ0.99, 1 in. diameter͒ separated by Lϭ10 mm. A cw He-Ne laser ͑Spec-tra Physics, 117A͒ stabilized within about 1 MHz, was used at the wavelength of 632.8 nm and the laser power of less than 100 W. The s-polarized laser beam in a well-defined Gaussian profile was transformed by a single lens to have a beam waist at the entrance with diameter of 0.5 mm in FWHM. The etalon thickness was fine controlled to either maintain resonance or make a desired detuning with the input laser frequency by biasing a hollow cylindrical piezoelectric transducer where the exit mirror sat on. The transmitted beam profiles were digitized by a two-dimensional ͑2D͒ beam analyzer ͑Spiricon, LBA-500PC͒ into 512ϫ480 charge coupled device ͑CCD͒ pixel data, covering the area of 11.6ϫ13 mm 2 with the aid of 2 : 1 reduction lens. The ringdown images were captured by averaging 16 CCD frames and then scanned along x axis to produce one-dimensional ͑1D͒ ring-down signal by integrating all pixels on the same x coordinate.
As seen from Fig. 3 , the SRD signals observed with different frequency detunings ⍀ were found to follow the SRD behaviors predicted by the numerical simulation. The decaying part of the SRD signals allowed a good fit to a single exponential, supported by flat residuals of the fit. With the beam incidence angle of 6.0 mrad and the etalon length of Lϭ10 mm, the fit resulted in the ring-down distance of Therefore, the uncertainty of ␦s/s d ϭ0.028 existing in this experiment should limit L min at 3.8ϫ10 Ϫ4 per pass. In the spectroscopic point of view, the SRD implies a potential as a new principle for detecting absorption with advantages inherited from the CRD technique. There exist, however, several intriguing features unique to the SRD. The ring-down distance s d 0 of an empty etalon can be set freely to the amount desirable for experimental convenience, by adjusting the beam incidence angle for given the etalon thickness L and finesse Fϭ/(1ϪR). Despite the use of cw laser beam inputs, the SRD technique that mimics the pulsed CRD scheme does not necessitate any laser turn-off or rapid cavity detuning to generate ring-down signals as is the case for the CRD technique using cw lasers. [8] [9] [10] The SRD signal persistent in time along a spatial coordinate bears particular merits. Efficient data acquisition can be achieved through the time-averaged cw detection to reduce technical noises whereas the CRD is limited by the repetition rate of ringdown events. Furthermore, a broadband implementation is readily compatible by using a dispersive element and a 2D detector array in combination to obtain frequency-dependent SRD signals in a single-shot fashion. Previously, such an idea has been demonstrated feasible with streak-record CRD images 3 which were, however, transient and repetitive in time necessarily due to the inherent temporal nature of the CRD signals. The SRD is expected to be realized as a new class of ring-down method if some technical requirements can be met with: the mirrors of large dimension having good surface figure, the input beam of good beam profile with minimized diffraction and controlled divergence, the stabilized beam pointing, and the tunable or broadband cw light source.
To summarize, we have demonstrated a spatial domain ring-down technique with a Fabry-Perot etalon, a spatial analog of the conventional time-based CRD. The concept of SRD has been tested by the numerical simulation and the experiment with an emphasis put on the possibility of detecting absorption. The exponential decay features have been found to be feasible in a SRD setup for the use in measuring the loss exerted by a Fabry-Perot etalon. 
